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ANNOTATION

With the success of direct measurements made with instru- /2*

ments lowered into the atmosphere of Mars and landed on its

surface and remote indication of the properties of the atmos-

phere and surface from spaceprobes in orbit around the planet,

our conceptions as to the properties of the atmosphere and sur-

face of this planet havebeen radically enriched. The available

experimental data, which are based on results obtained with the

Mars 2 and 3 and Mariner 6, 7, and 9 spaceprobes, enable us to

form a rather complete picture of the meteorological regime of

Mars. Numerical modeling of the general circulation of the

Martian atmosphere has made an important contribution to the

development of research on the weather on Mars. Taken together,

all of these things form a basis for analysis of the principal

features of the Martian weather, as characterized by the space-

time variability of atmospheric pressure, temperature, wind,

clouds and certain other parameters. The principal features of

the Martian weather are described not only for analysis of the

problem of this planet's meteorology, but also for comparison

of planets of the terrestrial group in regard to the specifics

of their weather. Unsolved problems of Martian meteorology and

the prospects for further research are briefly discussed.

*Numbers in the margin indicate pagination in the foreign text.
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INTRODUCTION /3

Recent years have been marked by strong interest in in-

vestigation of Venus and Mars, the planets nearest the earth.

The rapid development of earth-based methods for study of the

atmospheres and surfaces of these planets (primarily infrared

spectroscopy and radio astronomy) have made it possible to ac-

quire a whole series of important results. However, there is no

doubt that the experiments on the spaceprobes of the 'Venera,"

"Mars," and "Mariner" series have made a decisive contribution to

the study of Venus and Mars. As things developed, the most radi-

cal changes in our concepts as to the nature of the nearest

planets resulted from direct measurements of structural para-

meters and compositions by instruments lowered through the atmos-

pheres of the planets and landed on their surfaces [1-4]. Scien-

tific programs carried out with the aid of spacecraft orbiting

the planets have also been an important factor. This approach

has the advantage of planetary-scale coverage of the phenomena of

interest.

As was observed in [54], the placing of Soviet and American

spaceprobes equipped with mutually complementary scientific in-

strument packages in orbit around Mars, their simultaneous func-

tioning for extended periods, and exchange of information between

Soviet and American scientists while the experiments were still

in progress have significantly advanced the investigation of

Mars.

The accumulation of data on the conditions prevailing in the

atmospheres and on the surfaces of the planets makes possible an

approach to planned study of features of their weather and

climate. Although only a few years ago this formulation of the

problem was possible only within the framework of a popular-

science exposition [5], we now have extensive material that per-

mits analysis of this problem on a quite serious basis. We are

also aided here by progress in theoretical research devoted to

numerical modeling of the general circulation of the atmospheres

of the planets nearest the earth.

It must be stressed that interest in study of the laws of

weather and climate on other planets is determined to a substan-

tial degree by the importance of this kind of research from the

standpoint of the "comparative meteorology" of planets of the

terrestrial group [9, 51-53, 56, 57, 59]. In many respects

(mass, radius, density, etc.), Venus, the earth, and Mars exhibit

distinct similarities. During recent years, however, a whole

series of significant differences among these planets has also

come to light. Thus, our conceptions of Venus have undergone a

far-reaching and, in certain cases, unexpected evolution as a
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result of direct measurements made with the "Venera" spaceprobes /4
and the "Mariner" radio-occultation data. In addition to the
high (over 600 0 K) temperature of Venus, which distinguishes it
sharply from the earth, spectroscopic data indicate a very low
water-vapor content above the cloud cover, and radio-astronomi-
cal measurements point to a low water-vapor content in the
lower layers of the Venusian atmosphere (the total water-vapor
content in the Venusian atmosphere appears to be smaller by a

factor of 10 to 10 than that in the earth's biospherere).
Another distinctive property of Venus is its very slow (and
"backward") axial rotation. The specifics of cloud condi-
tions on the planets are highly characteristic. Of special
importance for the weather on Mars are its dust storms, which
sometimes envelop the entire surface of the planet (as was the
case, for example, at the end of 1971).

Common features of the terrestrial and Martian atmospheres
are the significant influence of the Coriolis force and the
presence of annual variations of the meteorological elements.
Important differences consist in the absence of oceans on Mars,
the small amount of water vapor on that planet, and its lack of
a stable cloud cover. The low density of the Martian atmosphere
near the surface and the predominance of carbon dioxide result
in a radiative relaxation constant approximately 1/10 as large
as that of the earth; this indicates a much greater importance
of radiative processes as factors determining the general cir-
culation of the atmosphere (in contrast to the cases of Venus
and Jupiter).

The above differences and similarities of the planets are
of great interest from the standpoint of comparative meteorol-
ogy, our understanding of the laws of evolution of the planets,
and more profound study of the processes in the earth's atmos-
phere, which are governed by the complex interaction of various
factors (dynamic, radiative, the influence of the planet's ro-
tation, etc), while, for example, radiation effects are domin-
ant for the atmospheric circulation on Mars and dynamic factors
are decisive for Venus and Jupiter. A significant difference
in the latter case consists in the fact that Venus rotates very
slowly and Jupiter rapidly [6].

The occurrence of dust storms and the 'radiation-governed"
general circulation of the Martian atmosphere make it possible
to investigate the effects of atmospheric aerosol contaminants
on the meteorological regime, which characterizes the peculiar-
ities of the weather on this planet. The investigation of
such a model may be of great interest from the standpoint of
analysis of the possible effects of human activity on the earth's
climate [7, 8]. The "antigreenhouse effect" of the Martian dust
noted in [54] arises out of the fact that the surface is cooled
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during a dust storm and the temperature of the atmosphere is
raised as a result of absorption of solar radiation by the dust.
A similar phenomenon is also observed under the conditions of
the earth's atmosphere [55].

Investigation of the Venusian atmosphere is of special in-
terest for understanding of the earth's less thoroughly in-
vestigated tropical circulation (in which the Coriolis forces
are small). Thus far, no adequate explanation has been found /5
for the structural features and composition of the Venusian
atmosphere. For example, it cannot be considered a proven
fact that the high surface temperature of Venus is due to the
greenhouse effect. A sound basis for this hypothesis will be-
come possible only after study of data on the vertical tempera-
ture profiles and solar radiation flux deep in the atmosphere,
on the temperature field of the planet's surface, etc. Our
information on the nature of the surface and core of Venus is
highly fragmentary. Radar measurements indicate that the sur-
face is quite flat (its height varies through +1.5 km, and a
peak 2.5 km high has been registered only in one case) and has
the dielectric constant typical of silicates. There are no
indications that anything similar to the earth's continents and
oceans exists on Venus. Its atmosphere is composed almost en-
tirely of CO, with very small admixtures of H20, CO, HC1 and HF

(it is interesting to note that attempts to detect such gases
as H2S, COS, SO 2, and SO 3 have not succeeded), and inferences

as to the nature of the two-layered cloud cover have been most
contradictory. The inadequacy of our information on the com-
position of the atmosphere's lower layers (detailed mass-spec-
trometer measurements are called for) and of the temperature
and humidity profiles and our lack of data on the wind preclude
the establishment of laws governing the shaping of the struc-
ture and composition of the Venusian atmosphere. All of this
makes it difficult to analyze weather conditions on Venus.

Our information on Mars is much more complete, especially
since the successful completion of the "Mars 2," "Mars 3'" [4,
11], and "Mariner 9" missions [12]. Although much remains
unclear concerning the meteorology of Mars, the basic charac-
teristics of the weather, expressed in the form of distribu-
tions of temperature, atmospheric pressure, clouds, and certain
other meteorological parameters, have been quite clearly re-
solved. It is this fact that determined the choice of subject
matter for the present booklet, whose purpose is to analyze
weather conditions on Mars on the basis of recent experimental
data and numerical-modeling results.

The weather and climate of a planet are determined by the
amount of incoming solar radiation, the physical properties
(and topography) of the underlying surface, .nd the composi-
tion and physical properties of its atmosphere. The solar
constant is quite accurately known for Mars: it is 0.85 cal-

-2 -1
*cm .min
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Chapter I discusses our information on the composition and
physical characteristics of the Martian atmosphere according to
"Mars 2," "Mars 3," and "Mariner 9" spaceprobe data and presents
a brief description of the Martian topography. Patterns in the
general circulation of the atmosphere that have been obtained by
numerical modeling form the subject of Chapter II. Chapter III
presents a conception of the outgoing radiation field and ra-
diation budget of the planet and certain structural and composi-
tion features of the atmosphere that have been obtained by an-
alysis of data on the radiation field. The prospects for future
research are discussed in the conclusion.
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CHAPTER I /6

RESULTS OF SCIENTIFIC EXPERIMENTS ON THE "MARS 2,"
"MARS 3," AND "MARINER 9" SPACEPROBES

The coordinated research program carried out by the space-
probes employed a strategy of saturation, and included televi-
sion observations, IR spectroscopy, IR radiometry, UV spectro-
scopy, radiooccultation measurements, and experiments in celestial
mechanics.

The result was acquisition of a large volume of scientific
data on the physical properties of the planet's surface and at-
mosphere and of the space near the planet. Much more time will
be required for complete reduction of all of the data obtained
and their comprehensive analysis. Only the first results are
stated in existing publications.

In this chapter, we shall present a brief summary of the
basic results obtained from the spaceprobes "Mars 2," "Mars 3"

[11, 54] (which were launched on 19 and 28 May 1971, respective-
ly), and "Mariner 9" [12, 73, 75] (launch date 30 May 1971).

Most important, of course, is the information on the planet
itself. These include results from study of the Martian topo-
graphy, surface-and soil-temperature measurements, and the com-
position and structure of the atmosphere.

As we know, the experiments were performed in a totally
unexpected meteorological situation: a powerful dust storm was
observed while the spaceprobes were functioning on Mars. Ac-
cording to earth-based observations, it began in September and
reached its peak toward the end of October. Substantial abate-
ment of the storm did not begin until the second half of Decem-
ber, and the storm had subsided practically completely about a
month later. Severe dust storms have been observed in the past
at several great oppositions, but none has approached the force
of this one.

All instruments on the spaceprobes registered changes in
the characteristics of the planet's atmosphere that were as-
sociated with the storm. Only in the region of the south polar
cap and in certain mountainous areas of the planet were the
amounts of dust substantially smaller.

§1. THE MARTIAN TOPOGRAPHY /7

Various measurement techniques have been used to investi-
gate the Martian topography [4, 13-18, 54, 58, 73]: earth-based
radar measurements and radiooccultation, infrared, and ultra-
violet measurements from the "Mars 2," "Mars 3," "Mariner 6,"'
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"Mariner 7," and "Mariner 9" spaceprobes. Television pictures
of the surface provide a very clear qualitative presentation of
the Martian relief [2, 12, 72]. Our most extensive sufficient-
ly reliable quantitative;data have been obtained by reduction of
measurements of the ultraviolet radiation reflected by Mars,
which enables us to determine first the pressure field at sur-
face level and then (by assigning a lapse rate in the atmosphere)
the topography of the terrain. The possibility of determining
the pressure results from the fact that the surface albedo of
the Martian deserts is very low, so that the radiation reflected
into space (and especially its variations) are determined by
molecular scattering in the atmospheric layer (in the absence of
dust in the atmosphere). In turn, the intensity of molecular
scattering depends on the density of the medium.

About 400 spectra were registered for the sunlit side of
the planet with ultraviolet spectrometers on the "Mariner 6"
and "Mariner 7" spaceprobes [13]. Spectra in the 1900-4300 a
band were registered at 3-second intervals (the spectral resolu-
tion was about 20 ). The field of the spectrometer (0.230 x
x 2.30) provided spatial resolutions ranging from 30 x 300 km
near the bright limb of the planet to 14 x 140 km for the short-
est distance to the planet (the long axis of the field was
oriented perpendicular to the line to the sun).

The observations indicated that there are only small
variations of the spectral radiation distribution in the desert
regions for X < 3500 A (reflectivity is always observed to in-
crease with decreasing wavelength), so that the photometric
properties depend weakly on wavelength in this case. For this
reason, analysis f the data was confined to a 100 interval
centered on 3050 A which can be regarded as representative
for the 2600-3500 region. Measurements of the brightness
coefficient R (reflectivity) pertaining to phase angles from
46 to 910 and selected for four areas of the Martian surface
on which the surface albedo can be regarded as constant made it
possible to determine the parameters of the Minnaert function:

R = R tod -', (1)

where R = 7B/F (B is the measured brightness and F is the solar
radiation flux), pO and p are the cosines of the incidence and

reflection angles of the solar radiation, and RO and k are para-

meters determined from the observations.

The reflectivity of Mars is determined by two components: /8
reflection from the surface, which can be determined from (1),
and atmospheric scattering, which can be represented in the

form 4 (p(4) is the normalized scattering function, which
depends on the scattering angle i, and T is the optical thick-
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ness of the atmosphere).

The atmospheric pressure can be written

p Po . (2)
T0

Here (assuming a pure atmosphere consisting of carbon dioxide)

T O = 0.032 at p0 = 6.0 mb.

Taking attenuation and multiple scattering into account,

we present the expression for the reflectivity at 3050 \ in the

form

=f () 1- exp(- M) + Rt o"-1 exp(- .CM)j }

where M= +- and f is a coefficient that characterizes the

influence of multiple scattering and depends on p, O, T and

i (the dependence on T is strongest on Mars when R0 and T are

small). The coefficient f can be determined by comparison

with the exact solution in simplified cases. In the case under

consideration, it was assumed that f = 1.

With (2) and (3), we obtain

- O) = P In R L ' - ' 1

where RA = p/4pM. This formula can be used to determine p from

known values of T0 /p 0 , RO, k, and p(p).

The results of independent determination of the pressure

from measurements in the infrared were used to check the reli-

ability of the method described above and to adapt the para-
meters [15]. Pressure data yield information for study of the

topography of the Martian surface, and these data were compared
with the results of the infrared measurements. The average

pressure according to ultraviolet measurements (337 points) was

5.8 mb, while the infrared measurements indicated 5.3 mb. The

discrepancy can be explained by the imperfect congruence of the

fields of the instruments.

Reduction of "Mariner 9" measurements of the ultraviolet

radiation reflected b Mars in a 100 R spectral interval
centered around 3050 A during the period from 14 November 1971
through 1 March 1972 yielded more extensive information on the
atmospheric-pressure distribution over the surface of the

planet (the field of the modified spectrometer on "Mariner 9"

covers a 10 x 30-km area on the surface in sightings from a

distance of 3400 km) [18].
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During the dust storm, which continued to the beginning /9
of January 1972, scattering of solar radiation by the optical-
ly dense layer of dust made the dominant contribution to the
reflected radiation. By 23 January, however, the atmosphere
had become quite transparent and optically thin at 3050 R, and
this made it possible to use reflected-radiation data to de-
termine the pressure from this time on.

Under dust-storm conditions, the reflectivity is accurate-
ly described by

R P ( ) wo o
4 ' + 'o

where W0 is the albedo for single scattering. The parameter

pw0 equals 0.2 for the entire period from 13 November 1971 to

1 January 1972.

Deviations of the calculated from the measured values
occur only near the limb (small p) and terminator (small p 0 ),
when the plane-parallel-atmosphere approximation is not valid.
During the dust storm, the atmosphere was most transparent in
the region of the south polar cap, where its optical thickness
was about.one.

When the storm was over, observing conditions were similar
to those that had prevailed during the life of the "Mariner 6"
and "Mariner 7" spaceprobes in 1969. The dominant contribution
of Rayleigh scattering to the reflectivity variations enables us
in this case to determine atmospheric pressure from reflected-
radiation intensity using absolute pressure values obtained from
radiooccultation measurements to establish correspondence between
reflectivity and pressure. The four parameters in relation (4)
were found by least squares for 56 points, at which the pressure
was determined by the radiooccultation method. The rms disagree-
ment between the "ultraviolet" and "radiooccultation" pressures
was 16% in the pressure range from 2.6 to 8.1 mb.

It was possible in [8] to construct a chart of the areo-
graphic pressure distribution in the latitude belt from 500S
to 200 N. The most distinct pressure maximum (about 10 mb) is
observed in the Tharsis region (at approximately 1000 W, OoN).
A distinct minimum occurs in the Hellas region (2900 W, 450S).

The pressure data were used to obtain the topography of
the surface on the assumption that the scale height equals
10 km. The 6.1-mb level was taken as zero elevation. A
topographic map of Mars appears in Fig. 1. Comparison with
television pictures confirmed that the "ultraviolet" topogra-

14



phy is realistic. Detailed profiles of the relief in the
Tharsis region indicate the existence here of sharp elevation
changes in the range from -0.5 to 9 km. The elevations vary
from less than -2 km to more than 10 km (the highest eleva-
tions range up to 14 km according to the infrared measurements

[73]). Thus, the topography of Mars is quite similar to that
of the earth in regard to the amplitude of its height varia- /10

tions. At the same time, the absence of seas and oceans and

the presence of many craters resembling those on the moon make
the Martian topography highly specific.

The results described above agree closely with "Mars 2"
and "Mars 3" spaceprobe measurements [54]. Reduction of the

measurement results by means of an infrared photometer work-
ing in the 2.0 6 -pm carbon dioxide absorption band indicated
that the pressure on Mars at mean surface level is 5.5-6.0 mb.

The pressure variations in the equatorial region indicate the

existence of a 12-14-kilometer range of elevations extending
over large areas. The data for 16 February 1972 indicate
that along the spaceprobe's path over, for example, the Hel-

lespontus region, the elevation above mean surface level is

2-3 km, and that it drops to 1 km below mean surface level

toward the Hellas region. Then there is a marked rise in the

direction of the dark areas of lapygia and Syrtis Major, up

to 3 km. The elevations decrease to the north of Syrtis Major.

Study of features of the behavior of the Martian surface

temperature field in space and time on the basis of infrared-
radiometer measurements (sensitivity range 8-40 pm) led to the

conclusion that the thermal conductivity of the Martian soil

is low, corresponding to dry sand or dry dust in a rarefied

atmosphere (the Martian surface chills very rapidly after sun-

set). Measurements of radio emission at 3.5 cm, which in-

dicate that there is no diurnal temperature variation at
depths on the order of 30-50 cm, also indicate high thermal
inertia and low thermal conductivity of the soil.

§2. THE LOWER ATMOSPHERE /11

Chemical Composition. According to IR and UV spectro-

scopy, the basic component of the Martian (as of the Venusian)
atmosphere is carbon dioxide - a respect in which it differs

substantially from the earth's (Table 1). Traces of H 2 0 have

been detected along with the C0 2 : water-vapor rotational

bands have been identified in "Mariner 9" outgoing thermal
radiation spectra (see Fig. 3). The "Mars 3" photometer,
which was designed for measurements in the water-vapor ab-

sorption band around 1.38 pm, showed [74] that the water-

vapor content did not exceed 5 pm of precipitable water

throughout the entire time of the experiment (compared to

5
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several times as much in the earth's atmosphere). According
to "Mariner 9" data, the average water-vapor content varied in
the range 10-20 pm [73]. It had been assumed on the basis of
earth-based indirect measurements made in advance of the space-
probe flights that the Martian atmosphere contained up to 50
pm of precipitable water. It may be that the extreme dryness
of the Martian surface that was observed by the spaceprobes is
due toanomalously strong "capture"ofwater vapor by the North
Polar Cap, which reached more southerly latitudes than in
past observations. Nor can we exclude the effects of the
anomalously severe dus.t storm., which could have been manifested
in adsorption of water vapor on the dust particles and
subsequent removal of the water vapor from the atmosphere
as the particles settled onto the surface. No large-scale
space-time variations of water-vapor content were observed
anywhere in the southern hemisphere during the period from
November 1971 through April 1972. However, water vapor was /12
not registered at high latitudes in the northern hemisphere
either.

In a number of the investigations, attempts were made at
experimental determination of the contents of minor components
in the Martian atmosphere, or at least at estimation of the
possible upper limits of their contents. Thus, for example,
the basic objective of a "Mariner 6" and "Mariner 7" IR
spectroscopy experiment [69] was to investigate the composi-
tion of the Martian atmosphere, including possible minor
components, in spectra of the planet in the band from 1.88 to
14.4 ~m. The spectrometer was calibrated in advance in the
laboratory by recording absorption spectra and obtaining
growth curves for various gas mixtures in a cell with total
ray paths up to 2543 meters, which modeled the possible con-
ditions of the Martian atmosphere (all minor components were
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studied in mixtures with carbon dioxide at a pressure of 5.6
mb and room temperature).

The actual Martian spectra were interpreted with the

purpose of determining the possible upper content limits of

the minor constituents. The registered spectra contained clear

indications of the presence of only three components: carbon

dioxide (the principal component), carbon monoxide, and water

vapor. The possible upper content limit of other minor con-

stituents were found from the laboratory-calibration data, and
had the following values (the first figure characterizes the

total content of the gas in cm-atm at standard pressure and

temperature, and the second the volume concentration in parts
per million): NO 2 (< 0.0016; 0.23), NH 3 (< 0.003; 0.44),

C302  (< 0.0032); 0.45), SO 2  (< 0.0037; 0.52), COS (< 0.0040);

0.56), NO (< 0.0050; 0.70), 03 (< 0.0061; 0.86), CH4  (< 0.026;

3.7), N20 (< 0.13; 18), HC1 (< 3.7; 520), HBr (< 8.2; 1150),

H 2S (< 27; 3800).

The figures were supplemented by an analysis of available

spectroscopic data to obtain estimates of the upper content

limits of 27 minor constituents for which no laboratory measu-

rements of the growth curves had been made. According to the

results of this analysis, the concentrations of the following
components do not exceed 1.0 ppm (which corresponds to con-

tents less than 0.0071 cm-atm): SF 6, NF 3, C12CO, CF 4, CHF 3,

Br 2CO and SiF 4 . The concentrations of C2F 6, C03' F2CO, C2H 4 ,

BF3, CS 2 , CHC13, C2H , H 2CO , CH3F, C6H 6 , and CH2I 2 are less

than 6.0 ppm (contents below 0.035 cm-atm), and those of

7



TABLE 1. CERTAIN DATA ON PLANETS OF THE TERRESTRIAL GROUP

Albe- Distance Equilibri-i Accelera- Pres-
Planet do A from Radi um Temper- cular tion of sure

Sun R, km ature Te, Gas Weight Gravity P at
a~u. e Weight g/(sec 0

a.u. K g/(sc m 2 ) Surface,
bar

Venus 0.85 0.723 6050 205 / C02 44.0 884 1i00

Earth 0.40 1.000 6371 246 N2 ; 02 29.2 982 1.013

Mars 0.15 1.523 3394 259 1 2CO 44.0 376 0.006



C2H2, HCN, CH 2Br 2 , CH 2 C12, CH 3Br, PH 3, CH3 Cl and CH I are

less than 50 ppm (< 0.35 cm-atm). These values are comparable
with those obtained earlier from earth-based measurements.

TABLE 2. RANGES OF VARIATION OF PRESSURE AND TEMPERATURE AT
SURFACE OF MARS, ACCORDING TO MARINER 4,

6, 7, AND 9 SPACEPROBE DATA

Parameter Mariner 4 Mariner 6 Mariner 7 Mariner 9

from to from to from to from to

Pressure, 4.5 8.0 3.0 7.6 3.5 7.5 2.9 8.3
mb

Temperature, 160 210 153 297 185 290 195 225
OK

Data for C 302 and CO3 are of special interest from the

standpoint of investigating photochemical processes in the Mar-
tian atmosphere. It has been suggested concerning the first
of these substances that its polymer might be the basic con-
stituent of the Martian surface. The low maximum C3 02 content

indicates that there is little justification for this hypothe-
sis. Neutral CO3 molecules- have been regarded as a possible

product of a reaction in the atmosphere between oxygen atoms /13
and carbon dioxide molecules with importance as an intermediate
in the recombination of oxygen atoms and carbon monoxide mole-
cules. The establishment of an upper content limit for CO 3

amounting to less that 0.0088 cm-atm should be significant for
investigation of the validity of this hypothesis.

It was reported in [70] that data on the highest possible
hydrogen sulfide and sulfur dioxide contents indicate that
modern volcanic activity on Mars is unlikely.

A result of the presence of dust is the appearance of
Si0 2 bands in the infrared emission spectrum as structural2 -1

features of the spectrum in the 400-600 cm 1 and 850-1250

cm-1 bands [73]. The Martian spectrum agrees with the labor-

atory spectrum of terrestrial minerals in regard to the SiO 2

9



content, which lies in the range 60 + 10% (compared with the
earth's volcanic rocks).

Surface temperature. The surface temperature of Mars,
measured at various latitudes and various times, is one of the
important climatic characteristics. Inferences may be drawn
as to the properties of the material composing the soil from
the diurnal and spatial variations of surface temperature.
Table 2 gives the limits of surface-temperature and atmosphere-
pressure variability obtained from "Mariner" spaceprobe data.

For measurement of surface temperature, the "Mariner 9" /14
spaceprobe carried a two-channel (wavelengths 10 and 20 pm)
IR radiometer of the same type that had been used previously on
"Mariner 6" and "Mariner 7" [12]. The field of the radiometer
coincides with that of a high-resolution television camera,
occupying about two thirds of the latter's area. The spatial
resolution of the radiometer at periapsis is about 20 km, and
its temperature resolution approximately 0.50 K. Preliminary
analysis of the results showed that the brightness tempera-
tures measured from "Mariner 9" differ substantially from
those obtained on the "Mariner 6" and "Mariner 7." While the
1969 data were easily explained by emission from the Martian
surface (the effect of the atmosphere was of little conse-
quence), the results obtained in 1971 point to a considerable
influence of the atmospheric dust. This is reflected especial-
ly clearly in the features of the diurnal temperature varia-
tion, whose amplitude was found to be much smaller than in the
absence of an atmospheric effect, and to diminish in the di-
rection toward the South Pole.

Television pictures indicate that the zone of the South
Pole and certain other regions were relatively free of dust.
The residues of the Polar Cap form the most easily observed
phenomenon. They are about 350 K colder than the surrounding
regions. The "Mariner 7" data indicated a surface temDera-
ture of about 148 0K for the region of the South Polar cap in
early spring (which corresponds to the sublimation temperature
of carbon dioxide). This permitted the conclusion that the
polar caps consist of solid carbon dioxide. "Mariner 9" re-
sults pertaining to the receding polar cap (second half of
summer) indicated temperature values approximately 250 K
higher (according to the television pictures, these values
pertain to a surface 90% covered by deposits having a high
albedo). Since the increase in radiation temperature cannot
be ascribed to dust (becaause of the small dust content), the
possibility that these deposits are frozen water cannot be
excluded.

We should note in this context that analysis of "Mariner 9"
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television pictures indicated the existence of branching and

meandering canyons that could attest to the existence of

liquid water on Mars in the recent geological past [66, 71].

Having analyzed "Mariner 7" measurements of the ultra-
violet radiation reflected from the region of the South Polar

cap, K. Pang and C. Hord [62] arrived at the following conclu-

sions: 1) the atmosphere of Mars consists of carbon dioxide;

2) if the surface temperature drops below 148
0K, carbon diox-

ide sublimates onto the surface and layers of ice are formed;

3) at the same time, carbon dioxide condensing in the atmos-

phere forms clouds; 4) the fall of "snow" from the clouds

contributes to the formation and thickening of the polar cap;

5) sublimation on the surface continues even after the "snow-

fall" has stopped, with the result that the surface becomes /15

specular; 6) the clouds dissipate in early spring, exposing

the polar cap to direct solar irradiation.

In the Tharsis region (110 N, 1190 W), "Mariner 9" televi-

sion pictures showed a dark zone for which radiometeric meas-

urements yielded a diameter of about 300 km and a temperature
80K higher than that in the surrounding regions. If we assume

this to be due to the absence of the dust haze in this area and

intensified warming of the surface due to the high atmospheric

transparency, and remember that radar measurements indicated
the existence of a crest 8 km high in the Tharsis region,
this will enable us to estimate the height of the dust layer.

According to data from the "Mars 2" and "Mars 3" IR
radiometers, which measured the radiation of the planet in the

wavelength range X = 8-40 um, temperature varied in a broad
range as a function of the aerographic coordinates and time:

from 286 0 K (for 1400 hours local solar time at 11oS) to
1800 K (for 1900 hours local solar time, 19 0N). The tempera-
ture dropped to 163 0 K in the region of the North Polar cap.

The fact that the diurnal temperature variation was found

to be smaller that was expected can be explained qualitatively

only by considering the influence of the dust, which has ab-

sorption and radiation coefficients Bab s = ra d 
= 0.5, and

assuming that the thickness of the dust layer decreases to-

ward the South Pole.

The low nocturnal temperatures indicated by "Mars 2" and

"Mars 3" indicate that the surface of Mars cools very rapidly
after sunset and, consequently, that the thermal conductivity
of the soil is very low [54]. Quantitative estimates indicate

that this is consistent with dry sand or dry dust in a rare-

fied atmosphere.

11
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The dark regions of Mars (the so-called "seas") are found

to average 10 0 K warmer than the light areas ("continents").

This is explained by the fact that the dark regions have lower

albedos than the light ones.

Unlike the South Polar cap, which disappears in summer,

the North Polar cap exists year-round, and it is therefore

possible that the total amount of solid carbon dioxide and

the water frozen into it considerably exceeds the quantity of

these substances in the Martian atmosphere.

The temperature of the
erg0sec-'Ccm- 2 . -1 troposphere was determined from

remote IR soundings based on
the results of spectral measure-
ments of the outgoing thermal

40- radiation in the 15-pm carbon
dioxide band [73]. These
measurements (a total of more

S20 than 20 000 spectra were re-
corded) indicated that, on

40 / the whole, the infrared spec-
tra of the radiation outgoing
from Mars are more uniform

20 I I 1 than the corresponding ter-
200 300 4oo cr-i restrial spectra (Fig. 2).

Wave number There is a sharp difference

Figure 3. Water Vapor Rota- in the regions of the South

tional Spectra of the Mar- and North Polar caps, where

tian Atmosphere as Recorded the absorption bands are

Above South Polar Cap. 1) transformed into emission /17

Calculated ("synthesized") bands (Fig. 2, a, b, and c)

spectra obtained for 10-pm by the temperature inversions

water-vapor content; 2, 3) characteristic for certain

measured spectra (30th and polar regions (for further

116th orbits, respectively). details, see Chapter III).

The calculated spectra have In the 250-500 cm- 1 band,
been shifted vertically the spectra are character-
away from the measured ized by the rotational
spectra for convenience of structure of the water vapor
comparison (they actually absorption band (Fig. 2, b
coincide). and c, and Fig. 3). The

*"Mariner 9" used an IRIS-M interference speetrometer to make

measurements in the range from 50 Pm (200 cm - ) to 5 Pm (2000

cm 1) with a spectral resolution of 2.4 cm
- 1 and a spatial re-

solution of 125 km [73].
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strongest lines at 254, 278, 303, 324, and 328 cm-1 were used
to determine the water-vapor content. Weak water-vapor lines
are observed at wave numbers larger than 1300 cm - 1. In the

500-800 cm- 1 interval, the structure of the spectrum is deter-
mined chiefly by carbon dioxide.

Comparison with the calculated spectra indicated that the

isotope-concentration ratios 12C/13C and 160/180 are approxi-
mately the same as on the earth. The broad minimum around
1100 cm-1 and the weaker band at 480 cm- 1 (Fig. 2c) should be
ascribed to the dust. The spectra reproduced in Figs. 2c and
2e can be used for comparison of the features of the Martian
and terrestrial outgoing-radiation spectra.

The structural simi-
tkm larity of the spectra inp'mb 3 2 50 the region of the 15-pm

carbon dioxide band in-
4I0 dicates that temperature

Q2 decreases with height in
30 both cases. However,

5 there is an exception in
20 the maximum at 667 cm-1

2- in the earth's spectrum,
2 0 which is due to the

5 temperature inversion
'o 200 220 240 260 Tassociated with absorption

of solar radiation by ozone.
Figure 4. Vertical Temperature The Martian spectrum lacks
Profiles in the Martian Atmosphere the 1042 cm-1 ozone band,
at Various Dust Contents. 1) Heavy which is quite distinct in
Dust in Atmosphere (20th Orbit, the earth's spectrum, and
Ls = 2930); 2) clearing atmosphere the spectral structure due
(92nd orbit, L = 3140); 3) trans- to water vapor is much less

distinct.
parent atmosphere (174th orbit,
Ls = 3360). Comparison of the

Martian spectrum with the
laboratory spectrum of

quartz (Fig. 2d) appears to indicate that the characteristic
quartz band appears in the 1080-1250 cm-1 region of the Martian
spectrum (Fig. 2c).

The results of determination of the vertical temperature
profiles at 300 S appear in Fig. 4. We see that a small lapse
rate is characteristic for the dust-laden atmosphere. This
can be explained by the presence in the planet's atmosphere of
dust that absorbs solar radiation strongly and heats the at- /18
mosphere (a similar phenomenon is also observed in the pres-
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ence of an elevated dust concentration in the earth's atmosphere

[55]). As the atmosphere clears, the lapse rate increases (but
remains below the dry adiabatic rate) and the upper part of the
atmosphere is strongly cooled. Analysis of temperature data for
various levels revealed a large diurnal variation at heights
ranging up to at least 30 km, with strong variation as a func-
tion of latitude. Under the conditions of a heavily dust-laden
atmosphere, a temperature maximum is observed at 600 S during the
late afternoon hours. As the atmosphere clears, the maximum be-

comes weaker and is shifted toward the equator and earlier times.

The amplitude of the diurnal variation ranges from 15 to 300 K
and is considerably greater than the values obtained on the
basis of theoretical calculations for either the clear or dusty
atmosphere (see Chapter II). Measurements in the range in which
the dust is most transparent (around 1300 cm-1 ), which charac-
terize the temperature of the surface, indicate that surface
temperature also has a characteristic diurnal variation, but
one quite different from that in the free atmosphere. Surface

temperature reaches a maximum near the latitude of the sub-
solar point (7'S) at about 1300 hours both during the dust
storm and after clearing of the atmosphere.

According to radiooccultation measurements, temperature
decreases with height beginning at about 15 km, at a lapse rate
of 20 K/km [12].

Structure of the brightness field near the horizon. "Mar-
iner 9"photometric studies of the darkening of the limb during
the dust storm yielded results that differ from those of /19
"Mariner 7" (1969) and indicate the existence of an optically
thick atmosphere formed by dust raised from the surface of the
planet. The optical thickness of the dusty atmosphere over the
visible (elevated) areas of the planet was T , 1. The bright-
ness profiles of the South Polar region (with a diffuse bright-
ness-discontinuity zone at the boundary of the ice-covered sur-
face) indicate T t 1 for the entire thickness of the atmosphere.
Over other regions of Mars, T > 2.

On the whole, a decrease in brightness up to a height of
about 40 km is characteristic for the limb structure; it is
followed by a region of transparent atmosphere (extending over
about 15 km). A distinct haze layer is identified above the
45-60 km level (pressures 0.1-0.01 mb) (Fig. 5, b and d).*
The brightness variation at heights below 40 km is governed by
the presence of the dust (according to [72], the scale height
for the dust is about 8.3 km). On the other hand, a higher,

*According to [77], this layer, which is no more than 2 km thick
and situated near the 0.02-mb (55-km) level, can be regarded as
an analog of the earth's noctilucent clouds.
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Figure 5. Lee Cloud Waves Formed by Mountain Chain in the Tempe
Region According to "Mariner 7" (a) and "Mariner 9" (b, c, d)
data. a) Cloud belt visible at eastern margin of polar cap. To
the left of it, a cloud appears in the Arcadia region; b)
clouds rendered clearly visible by their shadows; the widths of
the shadows indicate that the cloud top height is about 20 km
(127th orbit); c) the same clouds (195th orbit) on a photograph
that clearly illustrates their orographic origin; d) clouds re-
presented as "tufts" near the horizon (at left edge); below them,
at a height of about 45 km, a distinctly visible layer of at-
mospheric haze (see also Fig. b).
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bluish layer above 45-60 km is similar to terrestrial haze; this

may be a condensate, but its nature is still unknown.

At the terminator, the atmospheric haze is characterized by
two kinds of wave structure: 1) waves with A ~ 40 km (this is

probably the relief of the upper margin of the haze); 2) waves

with X ~ 5 km (which reflect the presence of vertical structure

in the dust layer; see Fig. 5, b and d). Characteristically,

elevated areas of the planet are darker than its depressions.

The seasonal variation of the planet's brightness may therefore
be due to topography and local dust storms.

Dust storms on Mars are highly interesting phenomena. The

usually quite transparent Martian atmosphere very quickly becomes

just as opaque to visible radiation as the cloudy atmosphere of

Venus. Photometric data indicate a transparency increase with

increasing wavelength. This indicates a substantial quantity

of very fine dust particles with sizes around 1 pm. Earth-based

photographic measurements have repeatedly indicated clouds hav-
ing brightness maxima in the blue and ultraviolet regions of the
spectrum [60]. Such clouds must consist of particles much
smaller than 1 pm in diameter. The presence of absorbing haze
and clouds on Mars should cause cooling of the surface and an
increase in atmospheric temperature, and its effects are indeed
observed. As we have noted, this enables us to speak of an

"antigreenhouse effect," in contrast to the case of Venus,
where the atmosphere is heated because of the opacity of the
atmosphere in the infrared.

Analysis of "Mariner 9" television data indicated that
the Martian atmosphere can, during dust storms, be treated as a
model semiinfinite scattering and absorbing layer with a single-
scattering albedo of 0.70-0.85 at an effective wavelength of

585 nm [72]. Comparison with the results of approximate
theoretical calculations of the brightness angular distribution /20
near the planet's limb lead to the conclusion that the theoreti-
cal model is in satisfactory agreement with experiment at an
optical thickness of about 3 and a scale height of 8.3 km.
Since a single-scattering albedo of 0.7 had also been obtained
for the surface of Mars (in the absence of dust storms), we may
conclude that the dust-storm particles are raised from the sur- /21
face and that their average size is the same as that of parti-
cles of the surface layer of dust. Since it has been establish-
ed that the surface particles have a size range from 10 to 300

pm, the dust-storm particles evidently have an average radius
of at least 10 pm. The dust particles reach heights greater
than 30 km during a global dust storm [76].

It appears that surface particles are continuously ejected /22
into the atmosphere during a storm and held suspended there by
strong vertical currents. C. Leovy et al. [72] showed that par-
ticles with radii up to 30 pm can be held in suspension in the
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presence of a vertical velocity on the order of 2 m/sec. In
Chapter II we shall discuss in greater detail the physical
factors giving rise to the dust storms.

The Martian clouds constitute a phenomenon that is of un-
questionable importance in the meteorological regime of the
planet (the experience of terrestrial meteorology clearly sup-
ports this view). Unfortunately, the available information
on the Martian clouds is very incomplete and quite contradic-
tory.

Generally speaking, two categories of Martian clouds are
distinguished [67]: 1) clouds that are visible at short wave-
lengths and gradually become invisible as wavelength increases;
2) clouds that can be observed at long wavelengths but fade out
at shorter ones. Of the basic types of clouds - yellow, white,
and blue - the latter belong to the former category and the
yellow and white clouds to the latter. It is known that the
yellow clouds are dust clouds. However, there are no definite
data on the composition of the white and blue clouds. The
positive polarization of the blue clouds at scattering angles
of 0.200 indicates that they consist of much smaller particles
than the white clouds, which are negatively polarized in the
same range of angles.

Analyzing observational data of the past century on the
white clouds, R.A. Wells [67] found that use of polarization
phase curves permits almost certain differentiation among
white, yellow, and blue clouds, thin layers of atmospheric
haze, and deposits of frost on the surface. A new catalog of
white clouds containing 252 cases was compiled on the basis
of this analysis.

Since observations indicate the predominance of water
vapor in the white clouds of the Northern Hemisphere, this can
be regarded as an indicator of cloud composition. Comparison
of the spectroscopically determined water-vapor contents with
the frequency of appearance of white clouds strengthens this
conclusion: the higher the water-vapor content, the greater
the probability of observing white clouds (the period of the
global storm at the end of 1971 is an exception). Another in-
dication of this is found in the fact that white clouds are
most frequently observed at the times when the polar caps are
smallest in size. "Mariner 9" data indicate the existence of
water vapor above the South Polar cap; it is possible that the
polar caps are two-layered, consisting of dry and ordinary ice.
The aqueous nature of the white clouds is also indicated by
the similar latitude curves of water-vapor content and fre-
quency of observation of white clouds. At the same time, it
is obvious that we should not expect a constant positive cor-
relation between moisture content and the frequency of occur- /23
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rence of the clouds, since other factors may influence cloud for-

mation. On the whole, the data cited testify in favor of the
hypothesis that the white clouds are composed of water. The
nature of the blue clouds remains unclear. They might be formed
above white clouds and consist of dry-ice crystals.

It is noted in [68] that telescopic photographs of Mars in

blue light clearly indicate the existence of both diffuse and
discrete details against of the background of the planet's re-
latively dark disk. These bright details have been called both

blue and white clouds (actually, their color is nearer white

than blue). The nature of these clouds has not yet been estab-
lished. To avoid confusion, the authors of [68] proposed that
both kind of clouds be called white.

Analysis of "Mariner 6" and "Mariner 7" television pic-
tures indicated that discrete white clouds (DWC) are sometimes
observed in the Hellas region (Southern Hemisphere), which has
no visible (down to scales on the order of 500 m) topographic
features, and also in regions with pronounced relief, e.g.,
Nix Olympica and Elysium (Northern Hemisphere). S.A. Smith and
B.A.Smith's detailed analysis [68] of features of the diurnal
and seasonal variability of the DWC in these three regions
(photographs obtained in the blue and ultraviolet were used as
raw material) showed that there is a distinct annual variation
of DWC intensity in all three areas - Elysium (220N), Nix
Olympica (180N), and Hellas (430S), with a maximum at a solar
planetocentric longitude Ls = 1100 and a secondary maximum

(in the Hellas region) at Ls = 3400. The Elysium and Nix

Olympica regions have a diurnal variation of the DWC, with a
brightness increase during periods of DWC activity, although
the clouds are never observed here during the early morning
hours.

It can therefore be assumed that two types of DWC exist.
Clouds of the first type are formed during the late morning
or early afternoon hours, with a subsequent increase in their
brightness extending over several hours (Elysium, Nix Olympi-
ca); they have a pronounced diurnal variation and are formed
most actively in midsummer. These clouds remain bright even
in the zone of the evening terminator, but are not observed
in the region of the morning terminator. Clouds of the first
type are apparently associated with the dark regions of Mars
and probably consist of ice crystals. Clouds of the second
type (Hellas) do not exhibit a diurnal variation, are bright-
est in the middle of winter, and form in the cold regions of
Mars. These are most probably not clouds but deposits of
dry-ice frost crystals on the Martian surface.

The aqueous nature of clouds of the first type is confirm-
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Figure 6. Mosaic of "Mariner 9" Television Pictures Illustrating the
Evolution of Wavy-Cloud Systems Near the North Polar "Cap" Over Three
Successive Days (203rd, 205th, and 207th Orbits). The crater indicat-
ed by the arrow has the coordinates 41'N, 290 W; the distance covered
along the vertical by the mosaic at the center is 650 km.



ed by the correlation between the frequency of their occurrence

and the content of water vapor in the atmosphere (according to
spectroscopic data) in the range of solar longitudes from 0 to /24

1500. These clouds may be either of orographic origin or due

to local outgassing of water vapor from the Martian surface
(in this case, the diurnal and annual variations of the clouds

are determined by the corresponding variability of the cloud-
forming conditions in the atmosphere).

A detailed picture of cloud development on Mars emerged
from analysis of "Mariner 9" televisionpictures of the planet

[72]. After the global dust storm had subsided and the optical

thickness of the atmosphere had dropped to about 0.1, it was

found that most of the Martian atmosphere north of 450N is

characterized by variable cloudness - including the polar cap,

which should be regarded as an effect of condensation in the

atmosphere but not on the surface at this time of year (late
winter). The most strongly developed systems include orogra-

phic wavelike clouds that form in the zone of westerly trans-

port over surfaces with well-defined nonuniform relief. These'

extensive cloud systems resemble the baroclinic waves of ter-

restrial lows in this case. Clouds are also observed over

regions with large craters. 'After the end of the global storm,

local dust storms were encountered in a few regions of the

planet, apparently due to strong convection generated as a

result of strong absorption of solar radiation by the dusty

atmosphere.- Many of the television pictures transmitted by
"Mariner 9" illustrate the above relationships (all of these

pictures were obtained using an orange filter, with a cor-

responding effective wavelength of 610 nm).

Figure 6 presents an interesting picture of the evolution

of clouds on three successive days (the central group of pic-
tures is from the 205th orbit). On the first day, we observe

only signs of wavelike clouds in the northwestern part of the

picture, and diffuse clouds to the northeast. 'However, even

on the next day (on this day, the photographs cover a larger
area of Mars), these wavelike clouds are much more distinctly
developed. To the north of 450N, we observe an extensive zone

covered by two systems of belts of wavelike clouds (the
characteristic distance between belts is about 5 km). The

contours, scales, and structure of the cloud belts bear a

close resemblance toweather-satellite television pictures of

cold-front zones. This impression is strengthened by analysis
of the three series of pictures, which indicate that these

cloud-belt systems moved at least 500 km toward the southeast in

the course of a day and acquired a more latitudinal orienta-

tion.

The numerical modeling of the general circulation of the

Martian atmosphere that was reported by C. Leovy and Y. Mintz-
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in [261 indicates the existence of cyclonic activity in northern
latitudes at this time of year (see Chapter II). It is most
natural to suppose that the wavelike clouds observed on Mars,
with their predominant wavelength of about 30 km, are the result /26
of formation of lee gravity waves above a surface width broken
relief. This conclusion is confirmed by analysis of the series
of television pictures, which indicates the formation of similar
local cloud waves in the regions of isolated large craters. The
orientation of the waves indicates the predominance of westerly
transport in the latitude belt from 45 to 650N.

It is interesting to note that, contrary to expectation,
analysis of the television pictures did not show condensed car-
bon dioxide to be present on the Martian surface (as in the polar
cap, which is clearly observed in the Southern Hemisphere in
winter), at least south of 750N (there are no data for higher
latitudes). Only local deposits of "frost" around the rims of
crators are observed in the 45-750N latitude belt.

Figure 6 shows an example of an orographic system of cloud
belts that formed under the influence of a mountain chain in the
Tempe region. The composition of these clouds still remains
unknown. The indirect atmospheric sounding results discussed
previously indicate that the surface temperature north of 600 N
may be near the condensation point of carbon dioxide. We may
accordingly suppose that the polar cap is a low-lying cloud
or fog composed of dry ice. In the 45-600N belt, the surface
temperature is not low enough to condense carbon dioxide.
Clouds formed at great enough heights may be water, carbon-
dioxide, or mixed clouds.

§3. THE UPPER ATMOSPHERE

Because of the large absorption cross-section governed
by the electron transitions, much attention is devoted to
ultraviolet spectroscopy in study of planetary atmospheres by
indirect methods, especially in determining the contents of
minor constituents present in amounts smaller than 1 ppm. It
is, however, natural that the strong influence of Rayleigh
scattering should permit only study of the upper layers of the
atmosphere in this case. T. Owen and C. Sagan [12] discussed
in detail, for example, the results of an analysis of the
ultraviolet spectra of Mars Jupiter, Saturn, and Venus in the
wavelength range 2000-3600 A (resolution about 25 a) that were
registered by a scanning spectrometer with diffraction grating
aboard the Orbiting Astronomical Observatory OAO-A2. The chief
purpose of analyzing the data was to establish the possible
minor-constituent content ranges in the upper atmospheres of
these planets. The method used is quite sensitive for the de-
tection of gases that control absorption, to which an equiva-
lent width of no less than 3 A corresponds. In all cases,

22



interpretation of the data was based on the properties of the

reflecting layer, since the use of more complex models could /27
hardly be justified. A similar method was also used on the
"Mariner" spaceprobes to study the composition of the upper
Martian atmosphere.

An extensive literature is devoted to the problem of the

upper atmosphere of Mars. Here we shall discuss only the re-
sults of the most recent experimental studies, with a view
chiefly to those aspects of the problem bearing on the inter-
action between the lower and upper layers. Thus one of the
principal problems concerns atmospheric ozone.

Ozone. The great importance of ozone in the earth's at-
mosphere is common knowledge. Interest in the detection of
ozone in the atmosphere of Mars is therefore natural [19-21].
A search for ozone by the ultraviolet spectrometer on

"Mariner 7" (1969, end of Martian winter) did not detect its

presence anywhere outside of the South Polar cap. The hypo-
thesis was advanced that the gaseous ozone, which absorbs
ultraviolet radiation, is adsorbed by solid carbon dioxide on
the surface of Mars.

Since the instrument package of "Mariner 9" included a

similar instrument (one of the two spectrometer channels
covers the range from 2100 to 3500 , delivers 15 . resolu-
tion, and records spectra at 3-second intervals), there was
interest in checking the earlier results during the early
Martian summer and attempting to detect ozone in other re-
gions of the planet. At the spaceprobe's average height of
2300 km, the spectrometer field is about 20 x 20 km. Meas-
urements were made over various areas of Mars under varying
conditions of sighting geometry, spaceprobe height, and
solar illumination. Because of the intense dust storm that
occurred early during the observations, the spectrometer did
not "see" the underlying surface over most of the planet's
area. In the region of the South Polar cap, however, there
was an increase in the signal at wavelengths around 300 a due
to the high albedo of the surface (here the planet's surface
was "viewed" through the atmosphere).

During the first stage of the observations, none of the
spectra registered between 90 0 S and 30oN indicated the pres-
ence of ozone. As the dust settled and the atmosphere cleared
over the South Polar cap, reflectivity increased noticeably,
but there were still no signs of ozone, and this situation
continued to day 70 (140th orbit), when the atmosphere here
had become transparent.

On the 94th orbit, the spaceprobe executed a maneuver that

enabled itto make observations north of 300N. As soon as the

spectrometer field crossed this latitude (on the 102nd orbit),

23



a monotonic increase in reflectivity at 3050 a with increasing
latitude was observed. Analysis of television pictures showed
that onlyin the 45-50 0 N belt, where the reflected ultraviolet
radiation became very strong, was it possible to observe a haze.
that could be associated with the presence of a "North Polar
cap." Calculation of the intensity ratio of the radiations re-
flected at 47 and 270N indicates the existence of a marked de-
pression around 2550 1 (Hartley band), and this is the first /28
sign of the existence of ozone ("Mariner 9" data).

Rel Figure 7 shows the latitude
dependence of reflectivity at
3050 A that results from the
presence of the North Polar cap,
with the resulting sharp increase

Sin reflection north of 450N.
A Figure 8 characterizes the energy

distribution in the radiation
2 )spectrum reflected at 470N (point

A of Fig. 7) and the spectral
curve of the intensity ratio of

r- the radiation reflected at 47 and
270 N. The quite definite depres-
sion of the intensity-ratio curve

0 in the range of the Hartley band
25 27 Northern 3 4 latitud is beyond question evidence of the

presence of ozone.
Figure 7. Latitude De-
pendence of Re lectivity The depth of this depression
Ratio at 3050 A Due to increased as it became possible to
Influence of North Polar observe at higher and higher north-
cap (102nd orbit). The ern latitudes, and on the 144th
reflected-radiation orbit the absorption by ozone at
spectrum corresponding high latitudes had emerged as very
to point A is shown in strong (Fig. 8b). From this time
Fig. 8. on, ozone absorption was consistent-

ly observed everywhere north of
300N, but it was imperceptible in

the Southern Hemisphere (including the Polar cap). By the time
of the Autumnal Equinox, ozone also appeared in the Southern
Hemisphere. By the 200th orbit, ozone was observed everywhere
south of 600 S. This permits the conclusion that ozone content
has a distinct annual variation on Mars.*

We should note that the aforementioned data on the spec-
tral dependence of theMartian albedo in the ultraviolet - those
obtained from OAO-A2 [70] - show no traces of absorption by

*According to [78], the ozone content varies from 3 to 5 pm-atm.
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Figure 8. Energy Distribution in Reflected-
Radiation Spectrum at 470 N on 102nd Orbit (a)
and at 570 N on 144th Orbit (b). 1) Energy
distribution; 2) intensity ratios of reflected
radiation, 470N/270 N (a) and 570 N/200 N (b).

minor constituents at all, and are censistent:with the pure carbon
dioxide model atmosphere with a surface pressure of 5.5 mb or
lower (if scattering is also caused by an aerosol component).
Since the results considered pertain to the entire disk of the
planet, they can neither refute nor confirm the presence of
ozone in the Martian atmosphere as observed by the Mariner 6,
7, and 9 spaceprobes.

Theoretical studies carried out for the earth's atmosphere
have shown that a "moist" atmosphere should contain less ozone
than a "dry" one. It can be supposed that the principal factor /29
determining ozone content in the Martian atmosphere will also
be humidity. The decrease in water-vapor content with decreas-
ing temperature favors photochemical processes in which carbon
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dioxide and molecular oxygen react to form ozone. It is ap-
parently the variability of water-vapor content that causes the

annual ozone variation.

Structure and composition of the upper atmosphere. Spectro-
scopic measurements of the emission from the upper atmosphere had

made it possible to obtain important characteristics of its

structural parameters and composition [22-25]. Important data
on the structure of the Martian atmosphere have been obtained,
for example, on the basis of interpretation of measurements of /30
the Martian ultraviolet radiation in the wavelength range 1900-

3400 R from the spectrometer on "Mariner 9" (28 November to 21
December 1971). Reference [22] discusses the results of 18
series of measurements of the intensity of atmospheric emis-
sion near the planet's limb in the Cameron bands of carbon
monoxide (1900-2700 A) and the doublet of the positive carbon
dioxide ion (2890 k). The maximum emission intensities are
200-300 and 50-75 kilorayleighs, respectively.

The vertical profile of the emission in the Cameron bands
is characterized by an increase in intensity to a maximum at
a height of 140 km and an exponential decrease. The intensity
at the zenith and the scale height in the zone of the exponen-
tial decrease were determined by comparing the measured and
"synthetic" profiles. The emission-intensity ratios were
found for the CO2+ doublet and the Cameron bands.

Since the emission in these bands is governed directly by
the absorption of ultraviolet solar radiation and, on the other
hand, there is a good correlation between the ultraviolet and

10.7-cm radio emission, the emission intensity at the zenith
ICam can be compared with the radio-emission flux F 1 0.7. This

type of comparison led to the formula ICam (in kilorayleighs) =

= 0.062 x (74 + F 10.7) with a correlation coefficient of 0.80.

The average ratio of the emission intensities in the doublet
and the Cameron band was found to be 0.24:1. The averaged
(over 18 series) scale height is 17.8 km, which corresponds to
an exosphere temperature of 325 0 K. The difference between the
maximum and the minimum scale-height values reaches 9.5 km
(24.0 - 14.5 km, which corresponds to temperatures of 445 0 K
and 270 0 K).

Such strong variations of the height scale indicate that
the temperature of the upper Martian atmosphere is strongly
influenced by processes not directly related to solar activity
(for example, heating as a result of dissipation of atmos-
pheric gravity waves and cooling due to turbulence). The re-
sults are, in general, in good agreement with the results of
theoretical calculations. However, the radio-emission flux
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used in the calculations is smaller by at least half than that

obtained from determinations of electron density on the basis

of radiooccultation measurements.

Study of the first ultraviolet emission spectra of the

Martian atmosphere, which were obtained from "Mariner 6" and

"Mariner 7," made it possible, thanks to the high quality of

the spectra, not only to identify the sources of the emission,

but also to understand the mechanism of its excitation. The

emission data made it possible to construct models of the

vertical distributions of the neutral and ionized components of

the upper Martian atmosphere. Starting on 14 November 1971,

the ultraviolet spectrometer on "Mariner 9" registered spectra

(1100-3500 W) for 120 days, providing a wealth of material for /31

study of the time variations of the radiation.

Analysis of the 1900-3400 emission spectrum obtained by

averaging over 120 individual spectra pertaining to the height

range 100-150 km showed that all emission lines arise directly

or indirectly from the action of solar radiation on carbon

dioxide. The Cameron bands of carbon monoxide (1900-2700 a)

are strongest; they appear as a result of three processes that

govern the dissociation of carbon dioxide (absorption of ultra-

violet solar radiation by carbon dioxide is primary to all

three). Study of the emission spectra led to the conclusion

that ionized carbon dioxide is a secondary component of the

Martian atmosphere. The primary component of the ionosphere is

ionized molecular oxygen, which is formed as a result of reac-

tions between carbon dioxide and atmospheric oxygen.

Analysis of the spectrum in the 1100-1900 a band showed

the presence of two minor constituents in the atmosphere:

atomic hydrogen (1216 a line)* and atomic oxygen (1304 a line).
It appears that both of these lines are due to resonant scat-

tering of solar radiation. Measurements of the line strength
make it possible to determine the vertical concentration

profiles of the corresponding atoms. The relative hydrogen
concentration at the 135-km level is 10-6%, and that of oxygen

1%. Despite the low concentrations, both of these constituents

are important as indicators of and participants in photochemi-

cal processes.

Figure 9a shows a model of the composition (neutral com-

ponents) and structure of the Martian upper atmosphere (height
range 100-230 km) constructed from "Mariner 6" and "Mariner

7" ultraviolet emission spectra and radiooccultation measure-

*According to [79], the intensity of the hydrogen emission is

4-5 kilorayleighs.
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Figure 9. Model of the Composition and Structure

of the Martian Atmosphere. a) Model based on
use of "Mariner 6" and "Mariner 7" ultraviolet
and radioeccultation measurements and results of
certain earth-based spectroscopic measurements;
b) model of the Martian ionosphere computed us-

ing the model shown in Fig. 9a and laboratory
measurements of the constants of the ion-atom and
ion-molecule reactions.
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ments and data from certain earth-based spectroscopic measure-

ments. Figure 9b shows an analogous model of the ionosphere.

It was assumed in construction of the models that the level of

diffusion separation is at a height of 1.00 km. The most im-

portant factor determining the composition of the ionosphere is

the reaction between atomic oxygen and ionized carbon dioxide.*

If it is assumed that the lower boundary of the exosphere

is at the 230-km level and the average temperature is 325 0 K,

the flux of hydrogen atoms dissipating into space is 2.108

atoms x cm-2-sec. If we assume that this flux has prevailed

for 4.5 billion years and that the dissociation of water vapor

is the sole source of' hydrogen, we find that this would re-

quire an amount of water equivalent to a 4-meter layer surround-

ing the planet and that the oxygen content of the Martian at-

mosphere would have to be 2.5-10
4 times that now observed (it /33

is possible that the oxygen reacted with a substance in the

soil or was dissipated by nonthermal mechanisms). What is

important here is that, despite the equality of the solar

wind flux reaching Mars and the dissipating flux of hydrogen

atoms, the solar wind cannot be a source of hydrogen for the

Martian atmosphere, since the solar-wind protons are deflected

by the induced magnetosphere.

Analysis of the emission in the Lyman alpha lines showed

that this emission is at a maximum (7.2 kilorayleighs) at a

height of about 150 km and that it drops to 2.7 kilorayleighs
near the terminator as the spectrometer field crosses the

planet's disk; however, the relative variability of the radia-

tion intensity over a period of 120 days was found to be the

same in all cases (about 20%). It appears that these varia-

tions are due to variations of the hydrogen-atom concentra-

tion or of the solar Lyman alpha radiation, or both together.

It is interesting that the time variations of the Lyman alpha

emission were found to be unexpectedly small, despite the

anomalous conditions of the dust storm, which should have

shielded the lower layers of the atmosphere from penetration

of solar ultraviolet radiation and thereby prevented photo-

dissociation of water vapor and produced substantial varia-

tions of the atmospheric temperature field. Thus, there

exists some sort of gigantic buffer that maintains an approx-

imately constant influx of hydrogen atoms into the exosphere

in the presence of strong variations in the lower atmosphere
of Mars.

*According to [80], the parameters of the upper atmosphere

should have a diurnal variation.

0 29



On the basis of contemporary data on the composition ofthe Martian atmosphere, M.B. McElroy [64] showed that photo-chemical reactions that lead to the appearance of fast oxygen,carbon, and nitrogen atoms and are responsible for high ratesof loss of these atoms from the atmosphere of Mars should playthe principal role in the evolution of the atmosphere's com-position.
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CHAPTER II /34

THE GENERAL CIRCULATION OF THE ATMOSPHERE
ACCORDING TO NUMERICAL MODELING DATA

The most complete numerical modeling of the general cir-
culation of the Martian atmosphere is due to C. Leovy and
Y. Mintz [26], who used a so-called two-level model of Mintz
and Arakawa's primitive equations for their calculations. The
numerical simulation of the atmosphere's general circulation
that they undertook was based on integration of the following
system of thermohydrodynamic equations (in spherical coordin-
ates):

the equation of horizontal motion

(MV)= - V (~zVV)- - (~V)- 2Q sin Ik (WV) -

- ()-(-bRT) Vic] -F; (5)

the heat-flux equation
a ( 7 )V (v--)(- T) bRT PT+h 6)

aCdt cp6)

the equation for the pressure tendency

at V (v) d-(7t) (7)

Here 7 = (pS - PT), PS and pT are the pressures at the

lower and upper boundaries of the atmosphere, a= P is the
Ps-P rT

vertical coordinate, V is the horizontal velocity vector, V is
the Laplace operator on the surface of a sphere, Q is the
velocity of the planet's rotation, and 4 is the geopotential,
which is defined by

() ()= bRTdo,

where R is the gas constant, c is the heat capacity at con-

stant pressure, F is the force of friction per unit mass, T

is the temperature, k is the vertical unit vector,b= a+ - ,+L /35

is the total heat flux per unit mass, and 6 is the individual
derivative determined by the relation
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j(,V) d-~ (8)
0

The individual pressure derivative is determined by the
equation

S(9)

The calculations were made using a spherical grid with
steps of 90 in longitude and 70 in latitude. The two-level
structure in the vertical direction corresponded to the values
a = 1/4 and a = 3/4, which are equivalent to heights of rough-
ly 12 and 3 km. The pressure at surface level was assumed
equal to pS = 5 mb. The level a = 0 corresponds to a pressure

of 0.415 mb. The calculations were made for a pure carbon
dioxide atmosphere. The heat flux was determined with con-
sideration of absorption of solar radiation by the atmosphere
and by the surface of the planet (using data obtained by G.
de Vaucouleurs [27] for the Martian surface albedo), and also
of radiative and convective heat transfer. The latent heat
associated with the condensation or sublimation of carbon
dioxide on the surface was taken into account.

Transmission functions according to [28] were used in
analyzing the transfer of thermal radiation in the atmosphere.
The surface temperature needed for calculation of radiative
and convective heat transfer was determined from the heat-
balance equation

(1-A)S-I-P--D+L=O. (10

Here A is the albedo of the surface, S is the solar radia-
tion flux, I is the effective radiation of the surface, P is
the convective heat flux, D is the heat flux in the soil, and,
L is the heat flux associated with condensation or sublimation
of carbon dioxide on the soil.

When the surface temperature drops to the condensation
temperature of CO 2 (143.6 0 K), it is assumed in the calculations

aT
that -=0 at the surface and that the albedo A assumes a

value of 0.6. The initial conditions were those of the iso-
thermal atmosphere at T = 200 0 K. The subsolar point was placed
at longitude 00 and 24.8 0S (Southern Hemisphere summer). The
initial mass of condensed carbon dioxide was put equal to zero.

Figure 10 shows calculated results for the time variations
of the average total kinetic energy K calculated for the en-
tire atmosphere (1), the average disturbance kinetic energy
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Figure 10. Kinetic Energy as a Function of
Time. a) Upper level (Ti); b) lower level
(T3). 1) Total kinetic energy (K); 2)
average disturbance kinetic energy (K');
3) average zonal kinetic energy ( .

K' = K - K (2), and the average zonal kinetic energy K with
averaging over longitude (3) (the abscissa is the number of /36
Martian days elapsed from the start of the experiment). As we
see,the "acceleration" of the atmosphere (the period of con-
tinuously increasing kinetic energy) takes 7-8 Martian days
(the length of the day on Mars is 24 hours 37 minutes). Ob-
viously, this low inertia of the Martian atmosphere results
from its small (compared to the earth and Venus) mass (see
Table 1). The curves of Fig. 10 show very substantial diurnal
variations and a six-day periodicity.

Figure 11 presents averaged meridional profiles of the
zonal (the plus sign corresponds to a westerly wind) and
meridional (the plus sign corresponds to a southerly wind)
wind-velocity components; the solid and dashed curves charac-
terize the wind profiles at the upper (a = 1/4) and lower
(a = 3/4) levels of the model. These data indicate distinct
meridional fluxes in low latitudes, which suggest the existence
of a strong.meridional circulation with ascending currents in
the subtropics of the Southern (summer) Hemisphere and des-
cending currents in the Northern Hemisphere.
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Figure 11. Meridional Profiles of Zonal
(a) and Meridional (b) Wind Components.
1) Upper level; 2) lower level.

Westerly winds prevail in middle latitudes of the North-
ern Hemisphere, with a powerful jet stream at the upper level,
while weak easterly winds predominate in the Southern Hemis- /37
phere. The data considered correspond to the tenth day of the
experiment, when the average zonal kinetic energy reaches
a relative maximum. Weakening and broadening of the jet-
stream zone are characteristic for the 14th day, when the
kinetic energy is at a relative minimum. Similar variations
also occur at the same phases of the kinetic-energy varia-
tion.
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Figure 12. Wind Field at Height of 10 km, Calculated
from Measured Temperature Field. The absolute value
of the wind vector, which equals the distance between
points, corresponds to a wind velocity of 50 m/sec.

R. Hanel et al. [73] made an attempt at approximate cal-

culation of the wind field at meanlevel (10 km) on the basis
of the measured temperature field.* Figure 12 shows the re- /38
sults obtained using temperature data averaged over the

period of the ist through 85th orbits (results pertaining to

low latitudes, where the Coriolis force does not make itself
felt, are very unreliable). The most important feature of

the wind field is the strong diurnal-tide component. A com-

parison with data calculated in the geostrophic approximation
showed that the latter is totally unsatisfactory under the

conditions of Mars. The data in Fig. 13 and 14 can be com-
pared to appraise the realism of the numerical-modeling re-
sults; substantial disagreements are indicated.

Figure 13 shows meridional average surface and atmospheric
temperature profiles for the 14th day of the experiment (curves
1). Also shown for comparison are the average-temperature
profiles (curves 2) obtained without consideration of circula-
tion (model of radiative-convective equilibrium). We see that

*A more detailed analysis of this problem will be found in [81].
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Figure 13. Meridional Profiles of Averaged Sur-
face (a) and Atmospheric (b) Temperatures for
the 14th Day of the Experiment. 1) With con-
sideration of circulation; 2) without consider-
ation of circulation.

surface temperature depends little on features of the circula-
tion. However, the temperature of the atmosphere varies ap- /39
preciably when circulation is taken into account. Circulation
also has a marked influence on the latitudinal temperature
gradients. Stone [63] proposed a simplified approach to in-
vestigation of the general circulation of planetary atmospheres
based on the assumption that the radiant heat flux is balanced
by the heat fluxes due to turbulence, convection, and the po-
tential energy governed by large-scale vortices.*

The straight vertical segments of the meridional tempera-
ture profile at high latitudes in the Northen (winter) Hemi-

*An approximate solution of the problem of the global circula-
tion characteristics of planetary atmospheres was proposed in
[56].
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Figure 14. Meridional Profiles of Lat-

itude-Averaged Wind Velocity (a) and
Pressure (b). Curves 1, 2, and 3 cor-

respond to 10th, 14th, and 22nd days
of the experiment.

sphere indicate the development of a polar cap consisting of

solid carbon dioxide. In numerical modeling, this cap appeared

on the second day and had stabilized by the sixth day. 
Its

width is consistent with the maximum observed width [29] and, /40

as is shown by a comparison with C. Leovy's data [611, de-

pends little on atmospheric circulation. The air temperature

over the polar cap does not drop far below the condensation

point of CO2 despite radiative cooling of 
the atmosphere - a

result of "warming" by the planetary circulation.

Figure 14 shows meridional profiles of the latitude-aver-
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aged wind velocity (a) and pressure (b) at the surface for the
10th, 14th, and 22nd days of the experiment. Features shown /41
are a pressure minimum at the subsolar point, a band of maximum
pressure in the region of 350 N, and an extensive low-pressure
center in the region of the North Pole, the latter associated
with the formation of the polar ice cap. The average rate of
pressure decrease during formation of the polar cap is 0.01 mb/
day.

Although the zonal "surface" wind is not exactly geostro-
phic, there is a tendency to geostrophicity. The most sig-
nificant features of the meridional wind profile are westerly
transport in high latitudes and easterly flows in low latitudes
of the winter hemisphere, a narrow belt of westerlies in the
tropics, and prevailing easterly flows in the Southern Hemis-
phere.

Calculation of the planetary temperature fields at various
times showed that a "wave" circulation resembling that of the
earth gradually forms at the upper level in the temperature
field in middle northern latitudes. At early stages in this
development, long waves (with a wave number of four) are dis-
placed easterward at velocities from 15 to 30 m/sec, but,
having reached full development, they become stable and in cer-
tain cases begin to move in the opposite direction. A wave
number of three becomes most characteristic at late stages in
the development.

In the winter hemisphere, there is close agreement between
the temperature and wind fields at the upper level, while the
summer hemisphere is characterized by the prevalence of diurnal
tides with a very sharp reversal of the wind field at 12-hour
intervals. The diurnal tides also determine the basic features
of the wind and pressure fields near the surface.

Numerical modeling of the general circulation of the Mar-
tian atmosphere indicates the existence of pronounced diurnal
temperature and kinetic-energy variations. An interesting
feature of the circulation on Mars is the strong influence of
the diurnal tides. Also very important and consistent with
experiment is the conclusion as to the possible formation and
parameters of a solid-carbon-dioxide winter polar cap.

A substantial deficiency of the circulation calculations
considered above is their neglect of the effects of different
types of clouds: clouds composed of CO2, water vapor, and

dust. The dust clouds formed during dust storms on Mars may
have a particularly strong influence on the general circula-
tion of the planet.*

*It is also necessary to take the topography into consideration
[82].
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Since the first data on the vertical temperature profiles,
which had been obtained by transmitting radio waves through the
Martian atmosphere from the "Mariner 6" and "Mariner 7" space-
probes, differed substantially from the results of calculations
for the pure carbon dioxide radiation-convection model of the
atmosphere (the measurements yielded higher temperatures and a
much smaller lapse rate), P.J. Gierasch and R.M. Goody [30] /42
undertook calculations with allowance for the influence of
dust in the atmosphere.

Although subsequent improvement of the procedure for in-
terpretation of the radiooccultation measurements eliminated
the above deficiences almost completely, this did not exclude
the urgent need to consider the effects of the dust, as became
especially clear on analysis of the "Mariner 9" data obtained
during the dust storm, which indicated a high atmospheric
temperature (240 0 K) together with a very slight variation of
temperature with height.

Gierasch and Goody showed that allowance for the absorp-
tion of solar radiation by dust mixed uniformly with the at-
mosphere on the assumption that the absorption coefficient is
independent of wavelength and that the optical thickness
equals 0.1 (approximately 10% of the solar radiation is ab-
sorbed by the atmosphere) results in satisfactory agreement
between theory and experiment. In contrast to the data for the
pure carbon dioxide atmosphere, practically no convective
boundary layer is observed in the presence of dust (only for a
small part of the day is there a layer of weak convection). The
temperature is near 240 0 K over two scale heights, indicating
great stability of the atmosphere. The amplitude of the diurn-
al temperature variation at heights exceeding 2-3 km is approx-
imately three times that for the case of the pure carbon dioxide
atmosphere.

Since heating of the Martian atmosphere by dust absorption
of solar radiation may be a quite typical phenomenon, it may
cause a whole series of radical changes in our conception of
the Martian atmosphere: 1) the high stability would influence
motions on all scales; 2) an increase in the amplitude of the
diurnal temperature variation would intensify the effects of
tidal phenomena; 3) the absence of strong convection would
greatly change the nature of the atmosphere's general circula-
tion; 4) the change in turbulent mixing intensity in the tropo-
sphere and the increased importance of atmospheric tides could
seriously influence the course of photochemical processes in
the ionosphere and the height of the turbopause; 5) the pos-
sible effects of nonlinear interaction of the dust, radiation,
and atmospheric motions would become especially interesting;
they might, for example, cause an "explosive" growth of dust
clouds under the influence of the force of the horizontal
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pressure gradient that arises on the appearance of a local dust
cloud (the processes in the Martian atmosphere at the end of
1971 were precisely of this nature).

In summarizing the results from numerical modeling of the
general circulation of the Martian atmosphere, we should note
that the very first attempts made in this direction yielded
encouraging results that agree satisfactorily with experiment.
A more complete description of the laws governing the Martian
general circulation is next in order.
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CHAPTER III /43

THE OUTGOING RADIATION

The problem of the outgoing radiation field is an important
component of research in planetary meteorology. The importance

of this problem is determined primarily by the fact that if we

know the outgoing radiation fluxes, we can study the relation-

ships in the thermal (radiation) budgets of the planets. In-

formation on the outgoing radiation is also important for
understanding of the structural features and compositions of

planetary atmospheres.

§1. THE OUTGOING THERMAL RADIATION FIELD AND THE RADIATION
BUDGET

In [31-33], we performed numerical modeling experiments
with the Martian thermal-radiation field. As has already been

noted, the carbon-dioxide Martian atmosphere is similar in many

respects to the above-clouds atmosphere of Venus. However, the
pressure at the surface of Mars is almost two orders lower than

the pressure at cloud-top level on Venus. We may therefore ex-

pect the basic features of infrared radiation transfer in the

upper Venusian atmosphere to be typical for Mars as well,
although the contribution of the atmosphere to formation of the

outgoing radiation will be somewhat smaller than that of the
surface.

The spectral intensity distribution of the radiation out-

going from Mars was calculated for the eight different stratif-

ications represented in Fig. 15 [34]. It should be noted that

unlike the temperature stratifications that are typical for

Venus, most of the Martian temperature profiles are character-

ized by temperature inversions. The only exceptions are

profiles I and III, which correspond to the typical outgoing-

radiation spectral-intensity curves (Fig. 16) for the carbon

dioxide atmosphere with its strong 15-pm carbon dioxide band.

The spectral variation of the outgoing radiation for the other

temperature stratifications indicates a strong influence of the

inversion on the shaping of the outgoing radiation field. The

inversion corresponding to stratification VII is so strong that
the 15-pm absorption band is transformed into an emission band.

The inversion criteria are not as obvious for the remaining /44

stratifications. This is because the temperature peaks of

these inversions are situated at heights lower than that of the

effective radiating layer, in the range of maximum absorption
(z e 20-30 km). Therefore the inversion influences only the

e
wings of the absorption band, for which the effective tempera-
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Figure 15. Vertical Profiles of Temperature in the
Atmosphere of Mars as Used to Calculate the Out-
going Radiation. a) For the dark side of the planet
(latitude -8); b) for the sunlit side of the planet
(latitude +80). I, III) stratifications at noon; II,
IV) at midnight; V, VIII) at sunset; VI, VII) at
sunrise.

ture of the radiating layer is found to be higher than that at
the center of the band. The range of moderate absorption at
X 13 Pm, in which the spectral maxima for stratifications II,
V, and VII are observed, is characteristic from this stand-
point. As was noted in Chapter I, it is this behavior of the
spectrum with partial "inversion" of the wings of the 15-lm
CO 2 absorption band that is characteristic for the "Mariner 9"

measured spectra of the dust-free Martian atmosphere.

TABLE 3. SPACE-TIME INTENSITY VARIATIONS OF OUT-
GOING RADIATION (5-20 pm)

I5-20, W/(m 2 . r)
. Latitude Time of T(0) K

day 0 = 
o  

= 75 = o80°  = 853

1I +80 Midnight 195 12,3 12,3 0,88 0,01-4
V +80 Sunset 217 21,1 20,9 2,82 2,14
111 -- 8 Noon 310 103,0 99, 1 11,10 10,10

VIII -80 Sunset 210 20,1 20,8 2,87 1,31

42



I, W/(m "m.*.

10 /

li,
10 /1

Figure 16. Outgoing Thermal Radiation

Spectrum of Mars for Various Tempera-
ture Stratifications, as Calculated

Using Transmission Function According
to Hanel [351.

In our calculations, use of the model proposed by E.
Bartko and R.A. Hanel [35] for transmission functions obtained

with low and medium spectral resolution made it possible to

evaluate the most significant physical effects and relation-

ships and to save machine time. Needless tosay, when study of
the fine structure of the emission spectrum acquires basic im-

portance (for example, in the problem of the role of small im-

purities), it is necessary to use transmission functions ob-

tained with high resolution. For this reason, we also made the /45

calculation for a whole series of spectral intervals using the

higher-resolution transmission functions obtained in [36]

(Fig. 17). Similar calculations had been performed previously

by H.-J. Bolle [65] for narrow spectral intervals around the

wavelengths 10.4 and 15 Pm.

Table 3 shows the variations of outgoing-radiation inten-

sity at 5-20 pm in space and time for various atmospheric /46

stratifications, as obtained from the results of our calcula-
tions (o is the nadir angle).
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Figure 17. Outgoing Ther- Various Atmospheric Stratif-
mal Radiation Spectrum of ications. 1) IV; 2) VIII;
Mars for the Range of 3) VI; 4) I; 5) III.
Strong Absorption (15-Pm
CO2) Calculated Using

Distribution Function Ac- The observed spectral features

cording to [36]. of the variations of the Martian
outgoing radiation intensity in-
dicate that, despite its small op-
tical thickness, the atmosphere of

Mars makes a substantial contribution to the outgoing radiation
(like the above-clouds atmosphere of Venus). This is also in-
dicated by special calculations of the surface contribution to
the outgoing radiation. Inferences can also be drawn as to
this contribution from the fact that all of the outgoing radia-
tion is shaped by the atmosphere and not by the surface of the
planet in the region of the CO2 absorption band (11-20 pm).

Figure 18 shows the angular distribution of outgoing ra-
diation intensity in the 10-20-pm wavelength interval. We see
that the dependence on angle is quite weak in the "subcritical"
range of nadir angles (6 < 6 cr , where ecr corresponds to the

planet's limb). On the whole, the nature of the angular
variation of the Martian outgoing radiation differs little from
the angular trend characteristic of the Venusian atmosphere
[31]. With the transition to "transcritical" angles (6 > cr) ,
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we observe the same behavior as in the Venusian atmosphere:

there is a brightening effect (an increase in radiation in-

tensities) near the limb.

Let us consider the features of the radiation (thermal)

budget of Mars. For the planet as a whole, the flux of absorbed

solar radiation must be equal to the outgoing radiation flux:

e(' + t.  
(11)

TABLE 4. COMPONENTS OF THE RADIATION BUDGET OF
MARS

Stratifica- Dt( W/2 t(2)W/m2 f W/mn2  Te )K T2)K
tion

V 103,04 97,13 116,70 219,5 215,9
I 207,16 165,38 232,92 310,1 279,7

The total amount of solar energy absorbed by Mars per

unit of time equals

W=qo(l-A)-Rl ,  (12)

where q0 is the solar constant for Mars, A is its albedo, and

R is its radius (see Table 1). Thus the average amount of

solar energy absorbed by a unit area of the planet, i.e., the /47

flux , is

_ -4 (1 -A). (13)

The outgoing radiation flux is related to the radiation intens-

ity IX(O):

(I )f dX f Ix (0) cos 0 sin Odd, (14)

where the integration with respect to the angles is carried out

over the surface of a sphere, and the wavelength integration

from 0 to - (in practice, the range from 1.5 to 50 Pm is suf-

ficient). The calculated results for various models of the

transmission functions and temperature stratifications appear

in Table 4 (for the two extreme models). The last two columns

of the tables give the effective temperatures of Mars that cor-

respond to the computed fluxes:

T= (15)
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where a = 5.67.10 - 8 W/(m *K4 ) is the Stefan-Boltzmann constant.

Here oDtU) and (jt( 2 are the outgoing-radiation values cal-

culated using the transmission functions of [35] and [36], re-

spectively, t is the outgoing radiation due solely to radia- /48
tion from the underlying surface that passes through the atmos-
phere (in this .case the atmosphere's intrinsic thermal radia-

(1) (2)
tion is left out of account), and T( )  and T(2 ) are the effect-e e
ive temperatures corresponding to (t)) and (t2

Stratification V satisfies the radiation-balance condi-
tion for the planet within the limits of accuracy of Mars-
albedo measurements.

In the former case (stratification V), the effective
temperature is below the underlying-surface temperature cor-
responding to the selected stratification and is a sign of a
possible greenhouse effect. Much of the radiation from the
surface is absorbed by the atmosphere, and the outgoing radia-
tion is shaped in many regions of the spectrum in the higher
and less heated layers of the atmosphere. The small difference
between Te and TO in the case of stratification V is associated

in this case with the presence of a strong temperature inver-
sion: although the radiation is, as before, shaped in higher
layers of the atmosphere, these layers are warmer (because of
the inversion).

We see from Table 4 that the difference in the transmis-
sion functions has comparatively little effect on the amounts
of outgoing radiation c(t. The stratification of the atmos-
phere exerts a much stronger influence.

The above features of the spectral distribution of the
Martian outgoing thermal radiation indicate the possibility of
estimating temperature profiles by analysis of measured out-
going-radiation spectra. If the transmission functions are
not known reliably enough, data on the integral radiation
fluxes should be used. But if the transmission functions are
adequate, analysis of the spectral trend of the outgoing ra-
diation (especially in the absorption bands) permits more de-
tailed specification of the temperature profiles.

§2. DATA ON THE STRUCTURE OF THE ATMOSPHERE OBTAINED FROM THE
RADIATION FIELD

The "Mariner 9" infrared-spectroscopy experiments opened
the way to remote sounding of the Martian atmosphere. In this
context, it is interesting to compare outgoing thermal radia-
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tion spectra obtained from "Mariner 9" data [37, 73] with the
calculated spectra and inspect them for features of the verti-
cal temperature profile.

Analysis of calculated Martian outgoing radiation spectra
permits the following inferences [31, 33]:

1. In much of the infrared (X = 3-50 pm), the Martian at-
mosphere absorbs practically all of the radiation from the
underlying surface (the only exceptions are the narrow "trans-
parency windows" at X z 6-8 pm and X = 11 pm). Herein lies
one of the basic differences between the strongly absorbing
pure carbon dioxide (total CO 2 content in a vertical column

Ut , 104 cm-atm) atmosphere of Mars and the earth's atmosphere

(the Martian infrared spectra are, on the whole, .more uniform /49
than those of the earth). As a result, the outgoing thermal-ra-
diation spectrumis found to depend strongly on features of the
vertical temperature distribution.

2. In the region of strong absorption, the shape of the
outgoing-radiation spectrum is determined by the height of the
effective radiating layer ze and depends strongly on the be-

havior of the lapse rate. Specifically, "inversion" of the
absorption spectrum is possible in the real atmosphere of Mars
due to the presence of the temperature inversion in that at-
mosphere.

3. "Brightening" toward the limb of the planet may be
observed in absorption bands as another effect of temperature
inversions.

The conclusions given above can be verified with reference
to recently published "Mariner 9" measurements of the outgoing
radiation spectrum.

As we know, a severe dust storm was observed during these
measurements. According to earth-based measurements in the
range around A = 10.5 pm, the infrared-opaque dust cloud rose
to a height of about 11 km [38]. The planet's atmosphere re-
mained clearest in the region of the South Polar cap. Measure-
ments made with the IRIS-M IR interference spectrometer on
"Mariner 9" appear in Figs. 2 and 3. As we have already noted,
the 15-ym CO 2 absorption band appears clearly here either as an

emission minimum (Fig. 2c), as is typical for absorbing carbon
dioxide atmospheres without temperature inversions, or as a
maximum (see Figs. 2a and b), reflecting the presence of inver-
sions. We had obtained a similar type of spectrum (with an
emission minimum corresponding to the transmission-function
minimum) for a series of temperature profiles in [31, 32] (see
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Figure 19. Outgoing Thermal Radiation Spec-
trum of Mars as Calculated with High-Resolu-
tion Transmission Function According to [40].

curve I in Fig. 16). Needless to say, the wavelength-averaged
(stepped) transmission functions used in these studies could
not have reproduced all details of the observed spectrum. Use
of the more detailed transmission functions obtained by V.G.
Kunde [39] from the data of R.S. Drayson and.C. Young [40] makes
possible a more accurate description of the fine structure of
the 15-pm CO 2 band in the case of inversion-free temperature

profiles [41]. The corresponding calculations are represented
in Fig. 19.

The outgoing-radiation spectrum shown in Fig. 2b pertains
to the region of the South Polar cap (the lower dashed curve
characterizes the radiation from the surface). In this case we
observe the situation that is typical for temperature profiles
with inversions. We found similar spectral features for such
conditions (for example, curve VII in Fig. 16) by calculation
in [31]. Since the wings of the absorption band correspond to
a value of ze below the temperature maximum of the inversion,

the temperature of the radiating layer is higher in these re-
gions of the spectrum than outside them and we observe a maxim-
um in the emission spectrum. At the center of the absorption /50
band (X = 15 pm), ze is above the inflection on the temperature

profile, indicating a lower radiating-layer temperature.
As a result, the central part of the band does not experience
"inversion" (compare Figs. 2a and c). This clearly illustrates
the conclusion drawn in [31, 32] to the effect that it is pos-
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sible to reconstruct details of the temperature profile from

the nature of the spectrum in the absorption-band region. In

this case, the measured spectrum (Fig. 2, a and b) could not

only yield an inference as to the presence of a temperature in-

version, but also a height estimate for the temperature maximum

based on the "inversion-free" central part of the band and the

known variation of z e() within the band.

A temperature-profile reconstruction of this kind was car-

ried out in [42, 73]. The resulting temperature profiles were

given in Fig. 4.
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PROSPECTS FOR RESEARCH /51

The weather and climate of a planet are determined to a
substantial degree by the interaction between its atmosphere
and its surface. This interaction takes the form of exchanges
of momentum, heat, gases, and radiation. The principal ex-
change mechanisms are diffusion (molecular and turbulent),
convection, and radiation transfer. At present, it is these
processes in the Martian atmosphere that have been least
thoroughly studied. It is therefore natural that prospects for
research in the field of Martian meteorology are primarily de-
pendent on study of the dynamics and transfer of radiation in
the boundary layer of the atmosphere. It is especially import-
ant to investigate the wind field (both the average values of
wind velocity and direction and their fluctuations), the more
so since the information now available on the wind has been ob-
tained either by calculation or on the basis of indirect mea-
surement methods.

In view of the above circumstances, considerable interest
attaches to the considerations advanced in [43] concerning the
meteorological research program proposed for the two lander
stages of the "Viking" spaceprobe being built for a 1976 launch-
ing to Mars (measurements of wind velocity and direction, at-
mospheric pressure, temperature, and water-vapor content) with
the object of studying the turbulent structure of the atmos-
pheric boundary layer and convective and mesoscale phenomena.
The design of this program takes account of peculiarities of
the Martian atmosphere, which exhibits not only definite sim-
ilarities to the earth's atmosphere (influence of Coriolis
force, annual variation), but also substantial differences
(absence of oceans, low water-vapor content, and absence of a
thick cloud cover).

In development of the meteorological instruments, attention
has been concentrated on elimination of the effects of the quite
large and heated body of the spaceprobe, and appropriate labor-
atory simulation experiments were carried out for this purpose.
It is proposed that the meteorological sensors (except for the
pressure sensor) be mounted at the tip of a 3-meter folding
boom similar to a second boom designed for soil sampling and
biological and chemical studies. The end of the boom can be
displaced through 1800 in azimuth at a height of about 3 meters, /52
and the length of the boom can be varied. This type of maneuver
can be programmed in advance or executed on radio command from
the earth. To measure the vertical profiles of the meteorolog-
ical elements, the boom is displaced vertically to form "plat-
forms" in the height range of interest for periods of several
minutes at various times of day. The high-frequency component
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of the turbulent temperature and wind fluctuations will also be

measured from time to time.

The plans call for specialized measurements of the diurn-

al variation by determining the averaged values of the meteoro-

logical elements over several minutes and repeating such measu-

rements at intervals of approximately forty minutes. To re-

gister the passage of dust whirls, thermals, or atmospheric

fronts, a command from an automatic controller can increase the

frequency of the measurements when the wind velocity exceeds a

certain value. Verification of three phenomena predicted by

theory is provided for here: 1) the pressure variation due to

solar atmospheric tides of large amplitude; 2) wind speed and

direction changes of similar nature; 3) the annual variation of

pressure (the lander is supposed to function for 90 days).

Measurements of the water-vapor content near the Martian sur-

face are highly important. They will be supplemented by si-

multaneous optical measurements from an orbiting module, which

will make it possible to determine the total content of water

vapor in a vertical column of atmosphere.

The final choice of sensors for the meteorological measu-

rements has not yet been made. It has been proposed that

pressures be measured with various types of manometers in the

range 1-30 mb accurate to + 0.2 mb, and that temperature be

measured with thermocouples or resistance thermometers in the

range 130-3500 K accurate to +20 K (in this case, minimization

of the radiation error is highly important). A film-type

thermal anemometer, which would give errors on the order of 10%,
could be used to measure wind velocity. A similar principle
is embodied in an instrument for measurement of wind direction

accurate to + 10-200. A quartz vibration hygrometer is being
studied as a possible humidity sensor. All sensors (except for

the one designed to measure humidity) must have time constants

of about a second or less.

Because of weight limitations and financial cutbacks, it

will probably not be possible to make all of the meteorological
measurements described above as originally planned (for example,

the movable boom will apparently be shorter and less movable,
thus eliminating the possibility of soundings along verticals

and strengthening the influence of the spaceprobe's body).
However, even a more modest program will be of exceptionally

great significance for research in the field of Martian meteor-

ology. This is because of the coordinated quality of the /53

program as a whole and the variety of the information whose ac-

quisition is planned.

In addition to the part of the program whose only objective

is meteorological research, the 11 experiments planned for the

"Viking" include many that are .of interest for meteorology but
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are broader in scope: 1) measurements of the surface radiation
temperature field and the total water-vapor content and ac-
quisition of television pictures of the Martian surface from
the orbiting module; 2) "radio occultation" experiments to de-
termine the vertical temperature profile in the troposphere;
3) determination of the temperature and density of the atmos-
phere from the atmospheric-entry conditions of the lander; 4)
measurements of atmospheric composition near the surface and of
the properties of the Martian soil.

Problems related to study of the structural parameters and
composition of the atmosphere will be solved when "Viking" en-
ters the Martian atmosphere [44]. The range of problems is
being determined and the appropriate scientific instrument
package is being selected with consideration of the data ob-
tained from Mariners 4, 6, 7, and 9. The basic mission of the
"Viking" spaceprobe in this aspect is to perform direct measu-
rements, the results of which are needed to obtain more reli-
able information on the Martian atmosphere and resolve a number
of contradictions in the results obtained by indirect methods
during flybys. Contradictions of this nature stem, for example,
from the fact that radio-occultation data ("Mariner 4") unex-
pectedly indicated the existence of a cold lower atmosphere
consisting almost exclusively of carbon dioxide and a moderate-
ly dense but exceptionally compact ionosphere with a density
maximum at 130 km.

The ionosphere measurements produced a "squall" of activ-
ity among theoreticians, whose principal purpose was to solve
the problem on the basis of an analogy with the earth's atmos-
phere. The results, however, were contradictory. Resolution
of these contradictions. requires direct measurements of the
vertical 0, CO, 02 and CO 2 concentration profiles in the upper

Martian atmosphere, and this is the objective of mass-spectro-
meter measurements to be made as "Viking" enters the atmosphere.
Another important experiment with a bearing on this problem
will study the interaction of the solar wind with the Martian
upper atmosphere ("erosion" of the atmosphere near the limb of
the planet under the action of the solar wind).

Direct density, pressure, and temperature measurements
with errors not greater than 5%.will be made along the entry
trajectory in the lower atmosphere of Mars (at heightsfrom 1.5
to 100 km). These data are needed to investigate the space-
time variations of the structural parameters (which determine,
among other things,the possibility of formation of haze layers /5
or clouds consisting of condensed carbon dioxide), and can be
used to control the results of radiooccultation studies of the
atmosphere.

There are important meteorological aspects to the meas-
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urements to be made with a six-channel IR radiometer designed
to produce thermal maps of the planet's surface with the object
of studying its thermal inhomogeneities, determining the thermal
inertia and spectral emissivity of the soil, and measuring the

reflected shortwave radiation [45]. Since the emissivity varia-
tions are widest in the wavelength ranges 8-9.5 Um (acid sili-
cates), 9-12 pm (basic silicates), and 5.5-7.2 pm (carbonates),
three corresponding channels are provided for measurements with
the object of determining the emissivities. The infrared radia-
tion will also be measured in the ranges 18-24 and 24-35 vm.
Plans call for measuring brightness temperatures with a reso-
lution of 0.5 0 K and accuracy better than 10 K. The true temper-
ature of the surface can be found to within a few degrees (as a
rule, 20 K) after applying a correction for the emissivity (for
certain channels, this correction will amount to 5-10

0K).

Thermal-inertia measurements based on the contrasts and

time variation of temperature will make it possible to find the

thermal conductivity of the soil, since it is the most variable

factor (varying through a factor of approximately 50) compared
to the other parameters (density and heat capacity) on which

soil thermal inertia depends. Simultaneous measurements of

albedo in the wavelength range 0.25-3.3 pm are provided to
separate the factors determining soil temperature. Thermal in-

homogeneities can also be used as indicators of the presence of

internal heat sources and "frost" deposits on the surface, and,
in the presence of dense clouds, to determine the temperatures
and heights at their tops.

The available data (low average dielectric constant,
photometric parameters, etc.) indicate that, like the earth and

the moon, Mars has a soil-like surface layer. Investigation of

the characteristics of this layer is one of the departments of

the "Viking" lander program [46]. This problem will be solved

on the basis of experience gained in study of the lunar soil.

The following data can be used to obtain information on the

characteristics of the Martian soil: 1) pictures of the terrain

surrounding the lander; 2) dynamic features of the landing; 3)
the interaction of the "engine-surface'system during landing;
4) the "behavior" of the soil sampler; 5) thermal measurements;
6) various scientific experiments; 7) radar measurements. It is

expected that these data will make it possible to determine the

bearing strength of the soil, the cohesion and tenacity of its

particles, its internal-friction characteristic, porosity and

density, thermal properties, soil particle size distribution, /55
and the inhomogeneity of the soil.

The "Viking" lander mass-spectrometry program provides for

study of possible organic compounds in the upper 10-cm layer of

the Martian soil and measurement of the majority and minority
constituents of the atmosphere (including their isotopic composi-
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tion) [47]. Another important objective of the program is to
determine the content (and, if possible, the physical state) of
the water in the soil and estimate its mineralogical composi-
tion from the outgassing products of heated soil samples (limo-
nite and siderite,for example, release characteristic decomposi-
tion products at certain temperatures and pressures). The
principal purpose of this department of the program is to de-
tect life on Mars. Soluble organic compounds will be analyzed
directly by the mass spectrometer or by gas chromatography
after fractionation (the compounds will be vaporized at temper-
atures of 150, 300, and 50000C). The insoluble components will
be analyzed from data on their pyrolysis products. The sensit-
ivity of the mass spectrometer, which covers the mass range
from 12 to 200, is such that identification is possible even
when a hundred compounds are present in a total relative con--6
centration not greater than 5.10-6 (any compound that has a

-6
vapor pressure above 10 Torr at 200 0 C can be identified at a
content by weight on the order of a few nanograms).

Analysis of nine soil samples is planned for study of pos-
sible diurnal and seasonal variations. The answer to the ques-
tion as to the origin and evolution of the Martian atmosphere
requires, first of all, measurements of its concentrations of
nitrogen and inert gases. Determination of the contents of
water vapor and other minor constituents of the atmosphere
(oxygen, methane) with a relation to vital activity is also of
great interest. The mass spectrometer will be used to determ-
ine the composition of the atmosphere. In this context, Ander-
son [47] discusses the conditions of atmospheric-composition
measurements in two possible models characterized by high ni-
trogen (5%) or argon (40 m-atm) contents,respectively.. The mass-
spectrometer measurements will make it possible to detect com-
ponents whose concentrations exceed 10-50 ppm (to ensure pur-
ity in the atmospheric-component measurements, they will be
made during the first three days, before soil-sample analysis
is started). Measurements of the water content in the soil
samples (with phase-state differentiation) are to be made by
combined use of "scanning" calorimetry as the specimens are
heated and gas analysis of the evaporating components. The
presence of ice, liquid water, adsorbed films, and mineral
hydrates can be detected from the correlation between the
thermal anomalies and the composition of the liberated gas.
Measures that ensure exclusion of fouling effects produced by /56
the lander and its engine will be important here.

Composition variations of the gaseous soil component are,
as a rule, an indicator of biological processes and can easi-
ly be measured by gas chromatography. The "Viking" lander is
therefore to carry out an experiment whose object is to place
a Martian soil sample in a culture medium and to follow this up
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with an extended gas analysis of the medium over the sample for
the components H 2, N2, 02, CH 4 , K and CO2 [48]. This type of

analysis is to be carried out three times with substitution of
fresh culture medium for each of the "incubation" cycles (Mar-
tian air, krypton, and water are added to the soil sample). If
no changes in the composition of the medium are observed, an-
other soil sample will be given a similar analysis. If the re-
sult is positive, it is proposed that the measurements with the
first sample be continued. All measurements will be made at
room temperature (20+20C).

As one of the methods of detecting life on Mars, it has
been proposed that compounds present in the soil samples be
"tagged" with radiactive isotopes for analysis of metabolic
activity [49]. This experiment proceeds from the following
assumptions: 1) if microorganisms exist, they may assimilate
the tagged substances and produce a radioactive gas; 2) bio-
chemical reactions must be "aqueous" at the cellular level.
The tagged substances will be chosen with consideration of
theoretical biological data and the results of research done on
the ground. Such substances should contain simple carbon com-
pounds and (or) sulfates. The excreted gaseous products to be

analyzed might be 14CO2 and H2
3 5 S. The use of radioactive iso-

topes will produce results much more quickly than conventional
microbiological analyses. Laboratory studies have indicated
the possibility of using radioactive isotopes for analysis of
cultures containing fewer than 25 cells and soil samples con-
taining about 200 cells per milligram of sample weight. It is
suggested that this experiment be continued for 15 days. In
the event of a negative result, it would be repeated with a
different soil sample. An experiment with a specimen held at
1600C for 3 hours for biological deactivation is planned as a
control.

The principal purpose of a carbon-assimilation experiment

[50] is to perform a biological analysis of Martian soil
samples under the conditions of the Martian environment. This
experiment is based on the assumptions that life on Mars (if
it exists) is "carbon" life, and that an exchange of carbon
with the atmosphere is one its manifestations (as on the earth).
The Martian atmosphere contains two compounds that are highly
important from the biological standpoint: carbon monoxide and

carbon dioxide. The carbon content in these gases ( CO and /57
14C002) will therefore be measured as an organic function of the

Martian soil. On the earth, as we know, photosynthesis is the
principal mechanism that fixes carbon from atmospheric carbon

dioxide. On Mars, carbon monoxide formed in the atmosphere by
ultraviolet photolysis of carbon dioxide may be an important
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source of carbon. Laboratory tests have shown that the pro-

posed method is capable of detecting 102-103 single-cell algae

or 105-106 nonphotosynthetic bacteria in a specimen. One

variant of the biological analysis proposes to introduce water

with the purpose of detecting products of vital activity of
the terrestrial type.

The "Viking" scientific program is a good illustration of

the prospects for study of Mars and demonstrates clearly the

advantages of coordinated studies, which permit use of many

divisions of the program for more than one purpose. From the

viewpoint of pure meteorological research, data on the pro-
perties of the soil and the interaction of the atmosphere with

the surface will be very important. They will, for example,
make it possible to develop parameterization methods for

boundary-layer processes, which are needed to construct a

theory of the general atmospheric circulation. Serious atten-

tion must be given to study of cloud and haze layers, as well

as dust storms and the conditions under which they form. All
of this research will not only aid us in understanding the

laws of the Martian weather, but also to obtain results that

are of great interest for deeper understanding and forecast-
ing of the weather on the earth.
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